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Abstract
The specimens of aluminum alloy welded joint were prepared by gas tungsten arc welding using 2A12 sheets and ER5356
welding wires. Some specimens were full coverage strengthened by ultrasonic impact treatment and the others were not
strengthened. The surface layer microstructures of the ultrasonic impact treated and untreated specimens were investigated by
optical microscopy and transmission electron microscopy. The surface layer hardness and residual stress distributions along the
thickness direction were measured by micro-hardness tester and X-ray diffraction method. The results showed that a grain
refinement layer which depth extended up to about 150~200 ;m was produced by ultrasonic impact treatment. The average
hardness value of the treated specimens was up to 110 HV, increasing by 45% compared with 76 HV of the untreated specimen.
A residual compressive stress layer was also produced by ultrasonic impact treatment, and the depth was close to 900 ;m. The
maximum residual compressive stress was -285 MPa. At the same time, the anti-fatigue mechanisms on grain refinement, work
hardening and residual compressive stress of aluminum alloy welded joint with ultrasonic impact treatment were also discussed.
© 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of the Chinese Heat Treatment Society.
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The application of aluminum alloy welding structure is becoming increasingly wider in recent years, such as in
aerospace, high-speed locomotives, ships and armored vehicles. Some components manufactured by welding were
prone to fatigue failure under the action of different cycle load(Kumar et al, 2011)(Li et al, 2004). Many
technological processes have been most widely studied to improve anti-fatigue properties of aluminum alloy welded
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joint. Some new methods such as friction stirs welding and laser-MIG hybrid welding technologies have been
explored(Lemmen et al, 2011)( Tu et al, 2011)( Yan et al, 2009). And some post welding treatment technologies
such as heat aging, shot peening, laser shot peening and ultrasonic impact treatment(UIT) were already put in
use(Hatamleh et al, 2008)(Hatamleh et al, 2009)(Li et al, 2011)(Li et al, 2010). Though these approaches achieved
some welcome effects, there were also many shortcomings. For example, aging treatment had the problem of high
energy consumption, poor working condition and low efficiency. The shot peening treatment which needed huge
equipment was not suitable for field and aerial operation. The ultrasonic impact treatment technology gained wider
and wider attention for its available, low cost and quite flexible. Previous studies had shown that ultrasonic impact
treatment could effectively improve the anti-fatigue performance of welded joint(Wang et al, 2001)(Wang et al,
2009)(Zhang et al, 2011)(Li et al, 2010). But the yield strength and elastic modular of aluminum alloy are much
lower than high-strength steel and titanium alloy, so it was difficult to introduce higher residual compressive stress
by UIT. Present research on aluminum alloy welded joint with UIT was mainly focused on its macroscopic
mechanical properties such as welding residual stress, structure stress concentrates and fatigue life and so on.
However, the microstructures of materials have great influence on their mechanical properties such as anti-fatigue
properties and strength. In this thesis, we mainly study the effect of ultrasonic impact treatment technology on the
microstructure, micro hardness and residual stress. Meanwhile, the microscopic mechanism on the fatigue resistance
by UIT was also interpreted.
1. Test materials and methods
1.1. Specimen preparation
The aluminum alloy welded joint specimens were prepared by manual GTAW with 5 mm thickness 2A12
aluminum alloy plate and 2.5 mm diameters ER5356 welding wires. A 30° V-groove was machined in the middle of
the aluminum alloy plate. The greasy dirt and oxide film on its surface were cleaned with acetone and wire brush
before welding. Both internal and external surfaces were welded without using clamp during the welding process,
and argon was used as shielding gas. The welding current, voltage and speed were 280 A, 16 V and 300 mm/min,
respectively. The surfaces of the welded joint specimens were strengthened by ZJ-II type ultrasonic impact
treatment devices, which processing parameters were current 0.8 ~ 1.0 A, frequency 20 KHz, static pressure 50 N.
1.2. Experimental methods
Specimens for microstructure observation were taken from the welded joint with and without UIT by Electrical
Discharge Machining (EDM), and then were cleaned for 15 min in acetone. The metallographic specimens were
etched with 0.5% HF aqueous solution after grinding and polishing. The microstructure of welding zone was
observed using Olympus PMG3 optical microscope. The structures of near surface regions of the welded joint
specimens were analyzed using JEM-2100 transmission electron microscopy (TEM) observation. The TEM
specimens were prepared by cutting off thin slices at the surface layer with EDM and grinding it to a thickness of
about 20 ;m. The untreated specimens reached a thickness of 100~200 nm by using double-faced ion beam milling,
while the treated specimens reached the same thickness with single face ion beam milling. Distributions of micro-
hardness along depth were measured by micro-hardness tester. The micro hardness was the average value of 3 times
measurements, and the test distance, load and time were 100 ;m, 0.25 N and 15 s. The residual stress distribution
along the depth direction was measured by X-ray diffractometer. The thin layer material was removed by an electro-
polishing facility.
2. Test results and discusses
2.1 Microstructure observation and analysis
Figure 1 was the welding zone optical microstructure of 2A12 aluminum alloy welded joint with and without UIT.
The untreated specimens were cast dendrite structure with obvious crystal boundaries and coarse grains, and there
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were many shrinkage defects (see figure 1a white arrow). As can be seen from figure 1b, about 150~200 ;m
thickness surface layer with fine and compact microstructure were got by UIT, and the macroscopic particle
morphology were unobvious. It also could be seen that the material of the subsurface layer which thickness was
about 100;m had obvious plastic deformation and the grains were apparently distorted and elongated (see figure 1c
white arrow). UIT could cause great elastic and plastic deformation at the surface of the welded joint which would
result in grain refinement and smaller welding defects.
(a) (b)
(c)
Fig1. Cross-section morphology of specimen with and without UIT (a) Surface layer of untreated specimen, (b) Surface layer of treated specimen,
(c) Sub-surface layer of treated specimen
To directly observe the crystalline morphology and size in the deformation layers of welded joint specimens with
and without UIT, their microstructures were observed by means of TEM. Figure 2a was the TEM images and
selected area electron diffraction (SAED) patterns of untreated specimens. As can be seen from the figure, the crystal
boundaries were obvious and the grain size was uneven. While high density dislocation and dislocation tangles could
be seen on welded joint surface layer with UIT. And the SAED patterns of the treated specimens were consecutive
and complete (see figure 2b), which showed that nano-scale crystalline grains with equiaxed shape and random
crystallographic orientations were formed. Fatigue fracture includes fatigue crack nucleation, expansion and fracture.
Usually, the crack nucleation life of general metal materials commonly account for around 70 ~ 80% of total fatigue
life, but it is totally different for welded joint. Welding defects such as fine cracks, shrinkage porosity, porosity and
slag are unavoidable, which were usually the crack nucleation sites. The fatigue crack nucleation life of welded joint
was almost nothing, so crack propagation life was its main fatigue life. As can be seen in figure 2b, UIT could
effectively increase the crack nucleation life by reducing the surface welding defects and the stress concentration
which was required for fatigue crack initiation. At the same time, the grain refinement occurred near surface layer of
the welded joint by UIT that would inhibit the dislocation motion and increase the slippage resistance, which
resulted in extending the crack propagation life. For these reasons, UIT could effectively improve the properties of
aluminum alloys welded joint anti-fatigue fracture properties.
50 ;m 50 ;m
50 ;m
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(a) (b)
Fig2. TEM bright field image and the corresponding SAED of specimen before and after UIT (a) Untreated specimen (b) Ultrasonic impact
treated specimen
2.2 micro-hardness tests and analysis
Hardness, which had a positive effect on improving the welded joint fatigue property, is one of the charactering
metal plastic deformation resistance indicators. Figure 3 was the surface micro-hardness distribution along depth of
2A12 aluminum alloy welded joint with and without UIT. The micro-hardness of untreated specimens traded
between 70 HV and 80 HV, which average value was 76 HV. The micro-hardness of treated specimens tapered with
the distance increasing from surface first, and then kept relative stability. The average value of treated specimens
was 110 HV, and the work hardening was improved by about 45% compared with untreated specimens.
Fig3. Distribution of micro-hardness along depth from surface before and after UIT
According to the Hall-Petch and Bailey-Hirsch relations(Askeland et al, 2002), there is a direct relationship
between work hardening, the dislocation density and grain size. The smaller the grain and the higher the dislocation
density were, the stronger interactions between dislocations were. The stronger the interactions were, the more the
additional dislocations, which generated in processes of dislocation motion, were. Any dislocation motion will be
impeded by other dislocation. Therefore, the strength and flow stress of materials increase with the increasing of
work hardening. The intense and manifold plastic deformation occurred at the surface of the 2A12 aluminum alloy
welded joint after UIT, which led to the increase of dislocation density. The distances between dislocations were
also reduced and the interactions were enhanced. These produced more dislocation motion obstacles such as
100 nm100 nm
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dislocation tangle, fixed dislocation and dislocation cells. So, UIT has many positive effects for the hindering
welded joint crack propagation and it also can improve the fatigue life of welding structure a lot.
2.3 residual stress tests and analysis
The residual stress distribution was extremely complicated, and it was difficult to avoid in fusion welding
procedure. It also has a tremendous influence on the dimensions stability, anti-fatigue and stress corrosion
performance of welding structure. Experts and scholars in welding field paid close attention to reducing and
eliminating welding residual stress. The surface layer residual stress distribution of 2A12 aluminum alloy welded
joint specimen with and without UIT was shown in Fig. 4. The surface residual stress of untreated specimens was
108 MPa tensile residual stresses, which tapered with the distance increasing from surface until the maximum
compressive residual stress that was -76 MPa at the distance of 1.8 mm. While the surface residual stress of treated
specimens was -169 MPa compressive residual stresses. The compressive residual stresses value first increased and
then decreased with the distance increasing from surface. The maximum compressive residual stress was -285 MPa
when the distance was 0.1 mm from the surface. Based on the basic principles of fracture mechanics(Chen et al,
2002), only when the applied alternative stress amplitudes reached or exceeded the threshold values ( Kth) of
material itself stress intensity factor, the crack in the surface of the material could overcome the obstacle and
continue to propagate. And the  Kth values of material depended not only on the material itself but also on
additional load. The actual  K values diminished for the interactions between residual compressive stress and
additional alternative load. So, the presence of residual compressive stress is bound to cause the improvement of the
threshold values ( Kth). That is, the crack, which may originally have propagated under certain cyclic loading
conditions, will not propagate because of the improvement of the threshold values (Kth) if the residual compressive
stresses existed. So the additional alternative load is required to be increased to cause crack growth. Therefore, UIT
could increase fatigue strength of aluminum alloy welded joint because it introduced residual compressive stress
which could effectively prevent the initiation and propagation of crack.
Fig.4 Distribution of residual stress along depth from surface before and after UIT
3. Conclusions
1Ultrasonic peening treatment leads to grain refinement on the surface layer of the 2A12 aluminum alloy
welded joint, and welding defects such as porosity and shrinkage in the weld zone were reduced substantially.
2The average work hardening value of ultrasonic peening treatment specimens was improved by about 45%
compared with untreated specimens.
3A higher compressive residual stress layer which depth was close to 900 ;m and the maximum value was -
285 MPa was introduced on the near surface of 2A12 aluminum alloy welded joint by ultrasonic peening treatment.
 4Ultrasonic peening treatment has produced the grain refinement layer, which could effectively prevent
fatigue crack nucleation and propagation, and work hardening, which improved the obstruction of dislocation
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motion, and compressive residual stresses, which improved the threshold values ( Kth). And through all these
changes, UIT would improve the anti-fatigue performance of aluminum alloy welded joint.
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